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Properties and Manufacturing of a New Starch Plastic 
R. A. DE GRAAF* and L. P. B. M. JANSSEN 
Department of Chemical Engineering 
7 7 ~  University of Groningen 
Nijenborgh 4,9747 AG, Groningen, The Netherlands 
Environmental awareness has strongly stimulated the introduction of biodegrad- 
able materials based on renewable resources of natural origin. This paper describes 
the properties and manufacturing of such a bioplastic. In a counter-rotating twin 
screw extruder, starch and polystyrene were mixed. To enhance material properties 
such as tensile strength and impact strength, two routes were followed. First, the 
starch was altered by grafting polystyrene onto the starch backbone using a 
counter rotating twin screw extruder. The newly formed material was blended with 
polystyrene in different ratios. Tensile strengths of 10 to 35 MPa were obtained 
while notched impact strengths varied from 0.5 J m-l to 1.5 J m-'. Soaking the ma- 
terial for a certain time in water and measuring the tensile strength of the wet ma- 
terial revealed that the tensile strength remained more the less the same for blends 
containing more than 30 wtYo PS. Second, polystyrene grafted starch was used as a 
compatibilizer. A homogenous blend could be obtained (according to scanning elec- 
tronic microscopy pictures) by adding the cornpatibilker to a starch, polystyrene, 
and water mixture. Again, tensile and impact strengths were measured for different 
ratios of the polymers used. The tensile strength and the impact strength were of 
the same magnitude as they were with the blended material. X-ray diffraction and 
DSC measurements revealed a highly ordered system. When the fraction of poly- 
styrene was above 60 wtYo of the blend, the amylose part of the starch crystallized. 
INTRODUCTION 
ood applications of starches have a long-standing F tradition. They require a continuous process with 
high production rates, a long shelf life and (often) a 
low density. Extruders, especially, have gained a con- 
siderable share of the market for food production ma- 
chinery. Typical examples of extruded foods are snacks, 
toast, pasta, breakfast cereals, pet food and candy. 
The scope in products demonstrates the versatility in 
operating possibilities an extruder offers. Snacks, for 
is the benzylation of starch to make it slightly hy- 
drophobic. Benzylated starch is used in paper coating 
and in the textile industry for pre-treating of yam. A 
recent application of starch in the non-food sector is 
its use as packaging material. Until now, three differ- 
ent applications have been known: 
Starch is used as filler in synthetic polymers. 
Starch is blended on a micro-scale with synthetic 
polymers. 
instance, are processed at high shear, high tempera- 
ture and a low moisture content in order to degrade 
Starch is mixed with polyoles to form a thermo- 
plastic amorphous mass. 
the starch for easier digestibility. Breakfast cereals, on 
the other hand, are processed at low shear, high tem- 
perature and a high moisture contents in order to re- 
tain the firm structure that we are accustomed to at 
breakfast. 
Starch is the basis of various chemicals. Therefore, 
the starch can be modified to obtain specific proper- 
ties. A well-known example of a modification reaction 
It is obvious that in these three applications the bio- 
degradability increases in the order mentioned above. 
The simplest way to use starch as packagmg mater- 
ial is as a filler for synthetic polymers. The starch is 
physically blended with synthetic polymers, but it re- 
mains in the form as separate conglomerates in the 
polymeric matrix, the size of the conglomerates being 
a function of the interfacial energy between starch 
and plastic and the shear history &&ng the process. 
The advantage of this method is that the thickness of 
the packaging material increases and that starch is 
relatively cheap. Although these combined materials 
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are sometimes claimed to be partially biodegradable, 
it is clear that if the encapsulated starch cannot be 
reached by micro-organisms, the biodegradability is 
very questionable. Moreover, even if the starch would 
be degraded, the matrix of the remaining synthetic 
polymer is so strong and thick that it will not degrade 
within a foreseeable time. In order to make the starch- 
plastic combination more biodegradable, size reduc- 
tion of the plastic phase is required. This can be ob- 
tained in two ways: 
Physically, by rigorous application of high shear 
forces in combination to a substantia3 decrease in 
interfacial tension between starch and plastic, 
which will lead to a micro scale blending. The 
starch must form a semi-continuous phase in order 
to make it accessible to micro-organisms. After the 
degradation of the starch, the surface to volume 
ratio of the remaining synthetic polymer is so large 
that also this polymer may degrade. 
By chemical bonding, where block-copolymers of 
starch and synthetic polymer are formed. 
The third category of starch based packaging mate- 
rials consists of a mixture of pure starch and polyoles 
like glycerol and sorbitol. No synthetic polymers are 
involved. This mixture forms an amorphous mass 
after processing that can been formed into films, 
sheets and trays. The polyol serves as an internal lu- 
bricant for the starch and prevents retrogmdation. In 
this study, polystyrene grafted starch (PS-g-starch) (1) 
was blended with polystyrene and starch in order to 
obtain a new polymer that can be used, for instance, 
as a packagmg material. First the starch was modified 
by grafting polystyrene onto the starch backbone (2, 
3). The newly formed material was blended with poly- 
styrene using different process conditions. Beside the 
chemical properties of the polymers used, physical 
parameters like volume fraction, molecular weight, 
viscosity ratio, interfacial tension and shear history 
are important factors determining the final blend 
properties (4-7). When these parameters are varied, 
material properties like water resistance and tensile 
and impact strengths can be altered. The amount of 
starch incorporated into the blend can be increased, 
when PS-g-starch is used as a cornpatibilker. Again, 
physical parameters like volume fraction, molecular 
weight, viscosity ratio, interfacial tension and shear 
history are important factors determining the final 
blend properties. 
THEORY 
Blending Two or More Polymers 
Polymer mixtures can be divided into miscible or 
immiscible systems. For miscible systems, the behav- 
ior of a blend is similar to that of a homopolymer or a 
random copolymer. Tailor-made properties can be ob- 
tained simply by changing the volume fractions. I t  
should be clear that PS and starch belong to the cate- 
gory of immiscible systems. Distributive and disper- 
sive mixing mechanisms will determine the material 
properties like the polymer layer distribution, to a 
greater extend (8). The increase in interfacial area is 
given by: A/% = yt cos a,, in which a, is the initial 
angle between the stream lines and the normal vector 
of the contact area A, A,, is the initial area. Increased 
dispersive mixing results in the breakup of the formed 
polymer layers into droplets (4). In general, the mater- 
ial with the lowest viscosity or highest volume fraction 
will form the continuous phase. The following semi- 
empirical equation (9) predicts the mid-point of phase 
inversion. 
in which q is the viscosity and cp is the volume frac- 
tion. At low volume fractions, the breakup of the dis- 
persed phase into droplets has been studied exten- 
sively in well-defined flow fields (10-13). The droplets 
undergo continuous deformation, resulting in long 
threads. The stability of these drops is dependent on 
the viscosity ratio (12): 
and of the ratio of the applied shear stress and the in- 
terfacial tension, the capillary number: 
(3) 
in which q is the viscosity of the continuous (sub- 
script c) phase, v is the interfacial tension, 9 is the 
shear rate and d is the droplet diameter. 
Detcsminh~g the interfacial Tension 
Between PS and Starch 
In the literature, no data exists on the interfacial 
tension between PS and starch. But with the help of a 
theory proposed by Wu (14), an estimate of this prop- 
erty can be made. Wu proposes an equation, based on 
"reciprocal" mean and force additivity, to calculate the 
interfacial tension between polymers or between a 
polymer and an orchary liquid: 
where vI2 is the interfacial tension, vi the surface ten- 
sion: v: and v p  the dispersion and the polar compo- 
nents of v,, respectively. According to Wu, the interfa- 
cial tension arises mainly from disparity in the 
polarities of the two phases. Assuming that the starch 
polymers are perfectly mixed with the water, the inter- 
facial tension primarily exists between PS and water. 
From (15) tension data (surface and interfacial) as a 
function of the temperature were taken. Using these 
values the interfacial tension between PS and water 
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was calculated to be 37 X lo3 N m-l. The value of the 
interfacial tension existing between PS and polyethyl- 
ene (both very apolaric materials) is 8.3 X lW3 N m-' 
at 20°C and 5.1 X lW3 N m-' at 180°C (14). It is as- 
sumed that the interfacial tension between PS and 
grafted PS is considerably smaller. 
Determining the Vicrcomity of Starch and PS 
An important aspect is the influence of the viscos- 
ity. Usually, non-Newtonian flow behavior of starchy 
materials is to be expected. Not only the starch mate- 
rials but also the chemical reactions performed with 
these materials have influence on the viscosity func- 
tion. In our case a viscosity function was derived de- 
scribing the behavior of concentrated starch pastes 
(16). 
In the case of a concentrated starch paste, the vis- 
cosity is a function of strain, strain history, tempera- 
ture and the amount of water. The strain history W(t) 
is introduced into the viscosity equation using an 
exponential dependency of the apparent viscosity on 
the amount of work performed on the paste: 
The viscosity equation is a modified version from that 
presented by van Zuillichem et aL (17) and Dolan and 
Steffe (18) and reads: 
here qo. A, B, C and n are fit parameters coming from 
measurements, ws- is the amount of pure starch in 
the gel, 9 is the shear rate and T the temperature of 
the gel. The fit parameters have been measured by 
Lammers et aL (16). Figure 1 shows the viscosity of 
R. A. de Graaf and L. P. B. M. Janssen 
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Fig. I .  Apparent Viscosity as a Jhcfion of the shear rate for 
= 160°C. 
JWtatostarch~~-= 0 . 7 ; - T = 6 O 0 C , - - T =  90"C,-T 
starch at moisture contents below 30?? and tempera- 
tures above 150°C. EquQtion 6 was used to calculate 
these values. These temperatures have to be that high 
in order to obtain a good PS melt. Temperatures above 
the 180°C result in degradation of starch and should 
thus be avoided. It should be noted that the starch 
viscosity function has been verified only for a temper- 
ature of 343.15 K and starch concentration of up to 
0.4 kg starch/kg water. Thus the calculated apparent 
viscosity may be wrong. The viscosity of PS has been 
measured in a Cone and plate viscometer using differ- 
ent temperatures and shear rates as used in the ex- 
periments. 
Total Shear in a Corrnttr Rotating 
Twin Screw Extruder 
A very important parameter determining the mixjng 
between polymers is the shear. In a counter rotating 
tm'n'screw extruder, two shear areas can be de- 
tected-a low shear region in the chambers and a 
high shear region in the leakage gaps. In comparison 
with other types of extruders, many counter rotating 
machines have deeply cut channels and low rotational 
speeds. This implies that a fluid element, during the 
major part of its residence time in the fully fflled mne, 
is subjected to a shear that is considerably lower than 
in other types of extruders. Typical values for the 
shear in the chambers and the leakage gaps of the 
used extruder are 2 s-l and 70 s-l respectively. These 
values are of course dependent on the screw speed 
and the geometry of the screw. Given the viscosity, 
the interfacial tension and the shear values the Ca 
number during the processing time can be predicted. 
Two shear boundaries are present. The lowest shear 
boundary is formed by material only exposed to low 
shear rates (19). This material has the shortest resi- 
dence time because it remains in a single chamber 
without leaking back. The mean residence time (20) in 
a single fully filled chamber (m flighted screw) is equal 
to: 
2mVc 
Tchamber = - Q, 
in which Qld is the leakage flow, m = 2 and V, the C- 
shaped chamber (6.7 X lo* m3). At a screw speed of 
20 RPM and a die resistance of 4 X m3, the leak- 
age flow is about 6.9 X 10-6 m3 resulting in a mean 
residence time in the chambers of about: 4 s. 
The total shear in one chamber imposed on the ma- 
terial is equal to: 
The highest shear boundaq line is formed by material, 
which has leaked several times through the leakage 
gaps and was thus subjected to a higher shear level. 
The residence time of this material was the longest. In 
this case the subscript "chamber" in I& 8 has to be 
replaced by "gap" to obtain the total shear imposed on 
the material in the leakage gaps. The residence time 
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in the leakage gaps is equal to: 71eak,gap - Vleak,gap/ 
Qv,leak. In our case the extruder used has a total leak- 
age volume of 1.68 X lo4 m3 Cvc--& = 6.7 X lo4 
m3). Together with the data presented above, the 
mean residence time in the leakage gaps is about 0.25 
s, giving a total shear of 17.5 s-l, Using these two 
shear levels, the average shear imposed on an average 
fraction of the material equals: 
in which (Y is the total volume fraction in the fully 
filled zone occupied by the leakage gaps. At 160°C 
and a shear of 2 s-l, the viscosity of 70 wt?? starch (30 
wtoh water) is about 3500 Pa s. Its viscosity drops to 
550 Pa s when the shear increases to 70 s-l. In the 
case of polystyrene, the viscosity drops from 2500 to 
90 Pa s. The viscosity ratio is thus 0.7 and 0.16 for y 
= 2 to 70 s-l, respectively. Assuming an initial gran- 
ule size (PS) of 3 mm, the Ca number becomes 567 at 
y = 2 s-l, increasing to Ca = 3121 for shear rates of 
70 s-l. In both shear regimes, the viscosity ratio is 
smaller than 1, while the initial Ca-number s 1. Ac- 
cording to Grace (12), these Ca -numbers exceed the 
Critical Ca numbers required for breakup. The mean 
residence time in the fully filled chambers is equal to 
116 s, giving a average total shear of: 1020 s-'. The 
breakup times in the leakage gaps are generally to 
short to let a thread break up (14). Assuming no reori- 
entation, a droplet with an initial diameter (a) of 3 mm 
is deformed into a thread with diameter B: 
(10) B = 41 + y2)-1/4, 60 pm 
In the case of reorientation, this value will be lower. 
-coPob-rfJ 
In order to stabilize the morphology formed (211, 
graft and block copolymers A-B may act as emulsifiers 
in a system containing the immiscible polymers A and 
B (22). The copolymers tend to concentrate at the inter- 
face, promoting interactions between the two phases. 
Finer dispersions and improved mechanical properties 
are the result. Thomas et aL (23) show that two limit- 
ing cases can be chosen in order to achieve the opti- 
mal blend. Either a relatively high concentration of a 
small molecular weight copolymer (lb&., copolymer > 
M, homopolymer) can be selected, or a small amount 
of a high molecular weight block copolymer can be 
used. Assuming that the same argument concerning 
block-copolymers can be applied to graft copolymers, 
it is important to create graft copolymers with high 
molecular weights or high graft percentages (21, 24, 
25). 
EXPERIMENTAL 
The grafted material was produced as described in 
(3). Two material types were produced, with MAH 
(maleic anhydride) and without MAH. The type with- 
out MAH had a lower graft percentage and PS content, 
while the molecular weight of the grafted PS branches 
is higher. During these experiments a counter rotat- 
ing closely intermeshing twin-screw extruder (24) was 
used with a screw diameter of 50 mm, an L/D of 6 
and a flight gap of 1.0 mm. The screw speed was 30 
W M ,  9s-e = 3 g min-', QS- = 30 g m i d ,  Qmo = 
3.5 g min-'. After preheating the extruder, a mixture 
of starch, water with cKzs20s = 2.5 wtYo, styrene, ben- 
zoylperoxide (BPO) (c,,, = 2 mol%) and 20 mol% 
MAH (only in the case of producing MAH-co-PS-g- 
starch) was fed to the extruder. The starch contained 
about 15 wtYo water. Samples were taken when a sta- 
ble temperature and pressure profile along the ex- 
truder was obtained. In this way, enough material 
could be made for the blending experiments. This ma- 
terial was ground until granules of 2-3 mm were ob- 
tained. 
The same extruder was used for the blend experi- 
ments. A different temperature profile was used in 
order to obtain a good melt of PS, starch and addi- 
tives. In the hopper zone; PS. starch and the compati- 
bilizer were added; water was added in the first heat- 
ing zone in order to gelatinize the starch. The blended 
material was ground again until granules of 2-3 mm 
were obtained. In Tables 1. 2 and 3 the extruder set- 
tings are given. The potato starch was obtained from 
AVEBE. Three polystyrene grades from Shell Holland 
were used (PS 2000, PS 5000 and PS 7000). 
The analyzing techniques Scanning Electronic Mi- 
croscopy (SEM), Transmission Electronic Microscopy 
(TEM), Differential Sczu-mm * g Calorimetry (DSC), and 
X-ray scattering were used. In the case of SEM. sam- 
ples were quenched in liquid nitrogen and then bro- 
ken to the right size. The sample was coated with gold 
before scanning. The maximum acceleration energy 
used was 29 KV. Higher values resulted in deteriora- 
tion of the sample. Samples used in TEM were fist 
microtomed (dry) in order to obtain slices of 0.1 km. 
The obtained coupes were placed inside a copper net. 
X-ray diffractions were taken of thin slices of material 
placed at different angles relative to the X-rays. The 
exposure of the material to the X-rays was 1.5 h. In 
this way it could be determined if the material was 
amorphous or crystalline. From experiments with 
DSC, information about the amorphous structure was 
obtained. The DSC used was of the type "Gold" manu- 
factured by Polymer Laboratories. Tensile strengths 
(ASTM 01705) and Notched Izod notch tests were 
used for determining the material properties and 
blend characteristics. Compression molding made test 
samples for the tensile strength and Izod notch test. 
The temperature of the used press was 145"C, the 
pressure was 40 tons, the heating time was 20 min- 
utes, and the cooling was 10 minutes. The tensile 
strength of a sample was determined with a Instron 
testing system 1.09. The crosshead speed was 10 mm 
min-' and the sample rate was 20 pts s-l. The humid- 
ity was in all cases 50%. while the measuring temper- 
ature remained 20°C. 
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Table 1. Results of the Tensile Strength for 
Blends of PS and PS-g-Starch. 
N O  WSt.rch WPg Tensile Impact 
[-I [-I Strength [J m-'1 
[MPal 
PS-g-Starch, 30 wt% H,O towards starch, PS5000 
N = 23 RPM, K = 2 x 
Qin = 48 g rnin-1 
rn3, T-prof = 90-16O-17O0C, 
~ 
- 1 0 1 .o 27.5 
2 0.3 0.7 23.1 
3 0.5 
4 
5 0.9 0.1 22.0 
- 
0.5 22.6 - 
0.7 0.3 22.7 - 
- 
Table 2. Results of the Tensile Strength for Blends 
Between PS, PS+-Starch and Water, When Soaked 
for a Certain Time in Water. 
N O  time Tensile Strength 
[min] 
PS-g-Starch, 30 WP/, H,O towards starch, PS5000 (2 
N = 23 RPM, K = 2 x 
Q,, = 48 g rnin-l 
rn3, T-prof = 9O-160-17O0C, 
1 0.1 15.0 
2 10 2.5 
3 50 0.5 
4 100 0.5 
5 1 330 0.1 
PS-g-Starch, 30 WE/, H,O towards starch, PS5000 
N = 23 RPM, K = 2 X lo-" rn3, T-prof = 9O-160-17O0C, 
Q,, = 48 g rnin-1 
PS-g-Starch, 30 w% H,O towards starch, PS5000 (30 wt%) 
N = 23 RPM, K = 2 x 10-l' rn3, T-prof = 90-16O-17O0C, 
Q;, = 48 a rnin-' 
0.0 1 .o 27.5 - 6 
7 0.1 0.9 27.3 - 
0.3 0.7 18.7 - 8 
0.5 0.5 15.2 - 9 
10 0.7 0.3 16.7 
11 1 .o 0.0 15 
MAH-co-PS-g-Starch, 30 WP/" H,O towards starch, PS5000 
N = 23 RPM, K = 2 x lo-" rn3, T-prof = 90-16O-17O0C, 
Q, = 48 g min-I 
- 12 0 1 .o 27.5 
13 0.3 0.7 23.1 - 
14 0.5 0.5 22.6 - 
15 0.7 0.3 22.7 - 
16 0.9 0.1 22.0 - 
PS-g-Starch, 30 wt% H,O towards starch, PS5000 
N = 23 RPM, K = 2 X 
Q, = 48 g rnin-' 
rn3, T-prof = 90-16O-17O0C, 
- 17 0.0 1 .o 27.5 
18 0.1 0.9 27.3 
19 0.3 0.7 18.7 - 
20 0.5 0.5 15.2 - 
21 0.7 0.3 16.7 
22 1 .o 0.0 15 
- 
RESULTS AND DISCUSSION 
In general, material properties improve when the 
dispersion degree of the blended polymers increases. 
Detecting the dispersion degree can be done with SEM 
and "EM. SEM photos (FYg. 2) of the copolymer with 
and without MAH revealed a smooth surface, indicat- 
ing good mixing. The surface changes from smooth to 
layered structures when the copolymer (30 W w o )  with 
or without MAH is mixed with PS (Fig. 3); still, no 
phase separation is detected. The very open structure 
in Rg. 3 is caused by the evaporation of water when 
the material leaves the extruder. In Fig. 4, the amount 
of the MAH copolymer mixed with PS is increased 
from 30 to 70 wt?!. Again, no phase separation was 
detected. 
Using the copolymer as a compatibilizer in a mix- 
ture of PS and starch (m. 5) revealed long slender PS 
threads with diameters of 10 pm and a maximum ob- 
served length of 100 pm (the continuous phase was 
starch, 50 wt?!). 
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6 
7 
8 
9 
0.1 
10 
100 
1000 
21 .o 
8.1 
5.8 
3.9 
PS-g-Starch, 30 wt% H,O towards starch, PS5000 (50 wt%) 
N = 23 RPM, K = 2 x 10-l' rn3, T-prof = 90-16O-17O0C, 
Q, = 48 g rnin-l 
10 0.1 
1 1  10 
12 100 
13 1000 
23.0 
14.6 
8.7 
10.9 
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PS-g-Starch, 30 wt% H,O towards starch, PS5000 (70 wt%) 
N = 23 RPM, K = 2 x 
Q, = 48 g rnin-I 
rn3, T-prof = 90-16O-17O0C, 
14 0.1 28.2 
15 10 24.1 
16 100 20.2 
17 1000 21.3 
PS-g-Starch, 0.3 wt% H,O towards starch, PS5000 (90 WE/,) 
N = 23 RPM, K = 2 x lo-" rn3, T-prof = 9O-160-17O0C, 
Q, = 48 g rnin-1 
0.1 
10 
60 
260 
370 
30.8 
30.8 
30.5 
25.6 
27.3 
TEM was also performed (Rg. 6 and 7). Because of 
the laborious work of obtaining one TEM sample, only 
two mixtures were studied. The image of a mixture of 
70 wto! PS and 30 wt?! PS-g-starch (without MAH) re- 
vealed that in a matrix of PS, drops of about 2-4.1 pm 
of the copolymer were seen. The other mixture (65 
out MAH) revealed starch drops of 0.5 to 2 pm in a PS 
matrix. 
With DSC and X-ray scattering, it was investigated 
whether the blends formed had an amorphous or 
crystalline structure. DSC curves show highly ordered 
structures. Almost all tested blends revealed an en- 
dothermic peak between 150°C and 200°C during the 
DSC measurements. Because the glass transition of 
PS is situated around 102°C and starch does not have 
wt% F'S, 30 wtY0 Starch and 5 wt?! PS-&Star& (with- 
Properrties and Manufacturing of a New Starch Plastic 
Table 3. Results of the Tensile Strength and lrod Notch Tests for the Compatibilizer Experiments 
(Starch, PS, PS-g-Starch or (MAH-co-)PSg-Starch). 
No WStarch WPS wCom tlbiliar Tensile Impact Strength 
[-I [-I FI Strength [MPa] [J m-l] 
(MAH-co-)PS-g-Starch, 30 wP! H,O towards starch, PS5000, Starch 
N = 16 RPM, K = 2 X lo-’’ m3, T-prof = 90-16O-17O0C, Qin = 52 g min-I 
1 0.495 0.495 0.01 16.9 - 
2 0.475 0.475 0.05 22.0 - 
3 0.450 0.450 0.10 20.1 - 
4 0.425 0.425 0.15 20.9 - 
5 0.400 0.400 0.20 24.0 - 
PS-g-Starch, 30 wt% H,O towards starch, PS5000, Starch 
N = 16 RPM, K = 2 x m3, T-prof = 90-16O-17O0C, Qi, = 52 g min-’ 
6 0.495 
7 0.475 
8 0.450 
9 0.425 
10 0.400 
0.495 
0.475 
0.450 
0.425 
0.400 
0.01 
0.05 
0.10 
0.15 
0.20 
16.0 
13.8 
14.2 
16.0 
15.3 
PS-g-Starch, 30 wt% H,O towards starch, PS5000, Starch 
N = 16 RPM, K = 2 X lo-” m3, T-prof = 90-16O-17O0C, Qi,, = 52 g min-’ 
11 0.75 0.13 0.049 23.4 0.52 
12 0.70 0.18 0.049 28.9 0.39 
13 0.60 0.22 0.049 24.4 0.45 
14 0.53 0.36 0.049 30.7 0.63 
15 0.36 0.55 0.049 30.5 0.73 
16 0.25 0.64 0.049 30.9 0.64 
17 0 0.95 0.049 31.9 0.75 
PS-g-Starch, 30 wt% H,O towards starch, PS5000, Starch 
N = 16 RPM, K = 2 X lo-’’ m3, T-prof = 90-16O-17O0C, Q, = 52 g min-l 
18 0.80 
19 0.60 
20 0.54 
21 0.44 
22 0.37 
23 0.0 
0.09 
0.18 
0.33 
0.43 
0.49 
0.87 
0.049 
0.049 
0.049 
0.049 
0.049 
0.049 
21.1 
22.0 
18.3 
21.2 
25.1 
27.0 
0.52 
0.66 
1.46 
1.42 
1.24 
1.10 
PS-g-Starch, 30 wP/, H,O towards starch, PS5000, Starch 
N = 16 RPM, K = 2 x lo-’’ m3, T-prof = 90-160-170°C. Q;, = 52 min-‘ 
24 0.75 
25 0.70 
26 0.60 
27 0.53 
28 0.36 
29 0.25 
30 0 
0.13 
9.18 
0.22 
0.36 
0.55 
0.64 
0.95 
0.049 
0.049 
0.049 
0.049 
0.049 
0.049 
0.049 
28.9 
22.8 
27.0 
26.8 
29.6 
27.4 
30.5 
- 
0.41 
0.79 
0.78 
1.09 
1.26 
1.08 
a melt or glass-transition peak, a new structure is 
formed. X-ray scatter experiments show crystallinity 
in one case only (Fig. 8). In all other cases, diffuse 
rings due to the starch or PS were present. According 
to these experiments, we suggest that reorientation of 
amylose (lowest M, of the used polymers) occurred 
during the blending of the polymers under high pres- 
sures (which are always present in the extruder). Ex- 
amining the tensile strength reveals that the mixed 
MAH-co-PS-g-starch with PS is stronger than PS-g- 
starch mixed with PS (Fig. 9 and 10). m e  9 also re- 
veals that an increased screw speed improves the 
blend until an optimum is reached. This optimum is 
caused by degradation of the starch which already 
starts at temperatures above 180’C. Rgure 10 shows 
that up to 70 wt% PS, the material properties remain 
the same, at higher PS weights, the tensile strength 
increases. Soaking these samples for some time in 
water (Rg. 11) reveals that at increasing PS weights, 
the blend becomes more water-resistant. 
Examining the tensile strengths of blends where 
starch, PS and PS-g-starch are mixed reveal that an 
increased amount of compatibilizer (Fig. 12) gives 
higher tensile strengths. Again, MAH-co-PS-g-starch 
gave better results compared to PS-g-starch. Increas- 
ing the die temperature showed an optimum tensile 
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Fig. 2. SEM picture of PS-g-stcuch 
strength of 27 MPa at 160°C, while at higher tempera- 
tures, the tensile strength decreases. As has been 
mentioned, the starch is destroyed at temperatures 
above 180°C, reducing the tensile strength. 
In Figs. 13 and 14, the molecular weight of the poly- 
styrene phase was changed. Three different molecular 
weights were used, namely 190, 220 and 300 kg mol-' 
(polydispersity = 4 - 51. These PS grades were all 
mixed with PS-g-starch (in Werent ratios) and starch. 
The amount of compatibilizer remained the same. In 
the case of MAH-co-PS-starch, the M, was about 
249,672 while PS-g-starch had an M, of 31,000. 
The grafl percentage of both MAH-co-PS-g-starch and 
PS-g-starch (60%) were almost the same (deviation of 
about & 5%); this was also the case for the amount of 
homopolymer formed (about 10 2 5 O h ) .  Figure 13 
shows the results of the tensile strength as a function 
of the PS ratio in the blend for different molecular 
Flg. 3. SEM picture of 30 wt9b PS-g-starch blended with 70 
wt% PS-5000. 
590 
Fig. 4. SEM picture of 70 wt% MAH-co-PS-g-starch blended 
(30 Lot% PS-5000). 
weights. This e w e  clearly shows that the PS grade 
with the lowest molecular weight results in the high- 
est tensile strengths. All PS grades show at PS ratios 
of 0.15 to 0.4 a dip in the tensile strength: at lower PS 
ratios, the tensile strength increases again. According 
to Heikens and Brentsen (241, the dispersed phase in 
blends where 'pd > 0.15 cannot be considered as di- 
lute, resulting in co-continuous structures. These 
structures will emerge until finally a composition is 
reached at which phase inversion occurs. According 
to Bohm et aL (251, the lower viscosity or higher vol- 
ume fraction will form the continuous phase. Using 
a 1, the mid-point of the inversion diagram can be 
predicted. Assuming that the starch viscosity is about 
10 times the PS viscosity, the mid-point should occur 
at a ratio of about 10 wtoh PS, which is indeed in the 
same area in which the dip in the measurements is 
obtained. 
Flg. 5. SEM picture of 50 wi96 starch blended with 25 wt9b 
PS-g-starch (25 WMI PS-5000). 
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Fig. 6. lEM picture of 70 wt% PS 5000.30 WE% PS-g-starch 
Fig. 7. 7EM picture of65 rut% PS-5000,30 wt% starch and 5 wt96 PS-g-starch 
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Flg. 8. X - w  SC&W picture Of 30 ~ t %  PSg-starch blended 
(70 wt96 PS 5000). 
In Fig. 14, the Notched Izod impact strength as a 
function of the PS ratio is presented. The impact 
strength is, for high PS contents, almost constant. In- 
creasing starch fractions results in slightly decreasing 
impact strengths. This decreasing trend appears 
at  the same area in which the change of tensile 
strength in Fig. 13 is measured. So it is assumed 
again that at that area, phase inversion is occurring, 
giving rise to all kinds of discontinuous structures. 
CONCLUSIONS 
In this article the mixing of PS with PS-g-starch and 
pure starch is studied. All experiments reveal that 
40  
5 - t  
0 I 
10 20 30 40 
Flg. 9. Tensile strength as afunction of the screw speed for 
the blend of PS with the grafted wpolymer of starch and PS. 
(Table I ) ,  0: MAH-c&'S-g-starch Mw = 249,672 g m~r', 0: 
PS-g-starch, Mw = 31,OOOg mot'. 
0 0.25 0.5 0.75 I 
Flg. 10. Tensile strength as afundion of PS ratio (PS blended 
With PS-g-Starch). (Table 11, 0: MAH-CePS-g-stadt, 0: PS-9- 
starch. 
reasonable blends can be obtained with tensile and 
hod notch strengths of the same order as pure PS. 
Parameters such as the molecular weight, the pro- 
cessing conditions, and polymer ratios have their influ- 
ence on the process. These influences can be predicted 
to some extent and show that high molecular weights 
of the grafl copolymer are favorable. Analyzing tech- 
niques such as SEM, TEM, DSC and X-ray scattering 
revealed that the structure of both the blends and the 
graft copolymers contained highly ordered areas. 
10 
1 
0.1 
0 
0.01 ! I 1 
0.1 10 1000 
t [ d l  
Flg. 11. Tensile strength as afunction of the time the blend 
of PS With the --starch is soaked in water ("able 2). 0: 2 
wt% PS, 0: 30 wt% PS, A: 50 wt% PS, x: 70 wl96 PS, 0: 90 
wt% PS. 
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25 
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15 
10 
0 
T 
0 0.05 0.1 0.15 0.2 
wcanpatabiliscr [-I 
FYg. 12. Tensile strength as afunction of the amount of com- 
patibilizer present in blends of PS with starch (Table 31, 0: 
PS-g-starch 0: MAH-co-Ps-g-starch. 
NOBIENCLATURE 
Diameter 
Interfacial area 
Width 
Capillary number 
Diameter 
Amount of threads on a screw 
Particle amount 
Length 
35 I 1 
0 0.25 0.5 0.75 1 
ws E-I 
Fig. 13. Tensile strength as  function of the ratio PS in 
blends oJPS, starch and PSg-starch Fable 31, 0: M ,  PS = 
190 kg mot', 0: M ,  PS = 220 kg mot' A: M ,  PS = 300 kg 
mot'. 
0 0.2 0.4 0.6 0.8 I 
WPS [-I 
Flg. 14. Notched hod impact strength as a jkc t ion  of the 
ratio PS in blends of PS, starch and PS-g-starch (Table 31.0: 
MwPS = 190 kg mot', 0: M w P S  = 220 kg mot', A: M w P S  = 
300 kg mot'. 
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